
N A S A  C O N T R A C T O R  N A S A  CR-670(01) 
R E P O R T  

- - 
0 
0 
h 
ro 
e 
U 

4 
v? 
A, z 

- 
I 

by K .  R. Marsh 

Prepared by 

LTV AEROSPACE CORPORATION 

Dallas, 'Texas 

for Ames Research Center 

N A T I O N A L  A E R O N A U T I C S  A N D  SPACE A D M I N I S T R A T I O N  W A S H I N G T O N ,  D C.  DECEMBER 1967 



NASA CR-670(01) 

I 

ADDITIONAL STUDIES ON THE FEASIBILITY OF V/STOL CONCEPTS i 
I 

FOR SHORT-HAUL TRtlNSPORT AIRCRAFT 

By K. R. Marsh 

Distribution of this report is provided in the interest of 
information exchange. Responsibility for the contents 
resides in the author or organization that prepared it. 

Prepared under Contract No. NAS 2-3036 by 
LTV AEROSPACE CORPORATION 

Dallas, Texas 

for Ames Research Center 

NATIONAL AERONAUT ICs AND SPACE ADMINISTRATION 

For sale by the Clearinghouse for Federal Scientific and Technical lnformotion 
Springfield, Virginia 22151 - CFSTI price $3.00 



TABLE OF CONTENTS 

Page No. 

INTRODUCTION. 1 

SmYmsULTs ....................... 1 

Sensit ivity of Airplanes t o  Off-Design Operations . . .  1 
Sensit ivity of Airplane Designs to Alternate 

Design Criteria . . . . . . . . . . . . . . . . . .  4 
Propeller RPM-Engine RPM Wtch . . . . . . . . . . . .  6 
DragPolars ...................... 7 
N o i s e .  ........................ 10 

SUMMARY .......................... 12 

REFERENCES. ........................ 13 

LIST OF TABLES 

Table No. Page No. 

1 V/STOL Short-Haul Transports - 
2 

3 

Design Ground Rules . . . . . . . . . . . . .  14 

Propulsive Wing V/STOL Airplane . . . . . . .  
Comparison of Airplanes Designed for 300- 

Estimated Weight Breakdown - 60-Passenger 
and 5OO-Mile Statute Mile Stage Lengths . . .  15 

16 

ili 



Figure No. 

1 

LA 

2 

3 

4 

5 

6 

7 

0 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

LIST OF FIGURES 

Page No. 

Effect of Altitude on NRP Cruise 

Effect of NRP Cruise on the Requ 
Load Factor . . . . . . . . . 
D.O.C. Versus Cruise Altitude . 
D.O.C. Versus Cruise Altitude . 
D.O.C. Versus Cruise Alti tude . 

. . . . .  
mate 
0 . 0 . .  

. . . . .  

. . . . .  

. . . . .  
Effect of Operational Range on Takeoff Distance . 
Effect of Operational Range on Takeoff Distance . 
Effect of Operational Range on Takeoff Distance . 
Effect of Operational Range on Takeoff Distance 

Propulsive W i n g  V/STOL Airplane . . . . . . . 
Effect of Takeoff Propeller Tip Speed, Engine 
Overspeeding, and SHP on Payload . . . . . . . 
Effect of Takeoff Propeller Tip Speed, Engine 
Overspeeding, and SHP on Takeoff Weight . . . . . 
Effect of Takeoff Propeller Tip Speed, Engine 
Overspeeding, and SHP on Average Cruise Speed . . 
Turboprop VML Airplane Relative Direct 
Operating C o s t .  . . . . . . . . . . . . . . . . 
Relative D.O.C. f o r  Tip Speed, Engine Overspeed 
and Horsepower Variations . . . . . . . . . . . . 
Landing Drag P o l a r .  . . . . . . . . . . . . . . . 
Landing Drag Polar . . . . . . . . . . . . . . 
Tail-Off, Nose Fan Inoperative, Power-on Polar 
f o r  the 60-Passenger Fan-in-Wing V/STOL 

Tail-off, Nose Fan Inoperative, Power-on Polar 
for  the  60-Passenger Propulsive Wing ADAM 
2,000-Foot STOL . . . . . . . . . . . . . . . . . 

. . . . 

Speed . 
red U l t  . . . .  
e . . .  

0 . 0 .  

. . . .  

17 

17 

18 

19 

20 

2 1  

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

i v  



LIST OF FIGURES (Cont) 

Figure No. Page No. 

19 Effects of Size on Perceived Noise Level, 
TurbopropVTOL. . . . . . . . . . . . . . . . . .  35 

20 Effects of Size on Perceived Noise h v e l ,  
Fan-in-Wing V/STOL, Takeoff . . . . . . . . . . .  36 

21 Effects of Size on Perceived Noise Level, 
Propulsive Wing 2OOO-Ft SML, Takeoff . . . . . .  37 

22 Effects of Propeller Tip Speed on Perceived 
NoiseLevel . . . . . . . . . . . . . . . . . . .  38 

23 Effects of Parer and Propeller Tip Speed on 
Noise, Takeoff . . . . . . . . . . . . . . . . . .  39 

24 Comparison of Measured and Calculated 
Perceived Noise . . . . . . . . . . . . . . . . .  40 

25 Sideline Takeoff Ground Roll Noise Levels . . . .  41 

V 



INTRODUCTION 

Under contract  t o  the  National Aeronautics and Space Administration, 
Vought Aeronautics Division of LZV Aerospace Corporation developed a numberor 
V/STOL Short-Haul Transport a i r c r a f t  designs around a set of common design 
c r i t e r i a .  These designs 
used turboprop, fan-in-wing, and propulsive wing propulsion system arrange- 
ments f o r  a t t a in ing  the  design V/STOL capabi l i t i es .  For t he  turboprop and 
fan-in-wing propulsion system concepts, VTOL, V/STOL, and STOL a i rp lanes  
were developed; f o r  t he  propulsive wing concept, only STOL a i rp lanes  were 
developed. 
2,000-foot runways, and a l l  a i rplanes were optimized t o  give a minimum d i r e c t  
operating cos t  on a 500-statute-mile s tage length. The r e s u l t s  of t h i s  
design e f f o r t  a r e  summarized i n  Reference 1. 

These design c r i t e r i a  are summarized in Table 1. 

STOL airplanes were developed fo r  operation from 1,000-foot and 

As a r e s u l t  of the  f indings gleaned f romthe  work e f f o r t  reported i n  
Reference 1, f u r t h e r  s tud ies  w e r e  made of the performance of these  V/STOL 
short-haul t ranspor t  a i r c r a f t  when operated a t  off-design conditions and 
of design changes resu l t ing  from using d i f fe ren t  design c r i t e r i a .  
t he  basic  aerodynamic input data that were u t i l i z e d  i n  developing these  
designs, and the  noise cha rac t e r i s t i c s  of some of t he  designs, were 
eva lmted .  These addi t iona l  s tud ies  a re  summarized herein.  

Some of 

STUDY IiEsULTs 

Sens i t i v i ty  of Airplanes t o  Off -Design Operations 

Reduced cru ise  a l t i t u d e  e f f ec t s .  The airplanes designed f o r  t he  study 
of Reference 2 were optimized t o  give a minimum d i r e c t  operating cos t  a t  a 
500-mile s tage  length, and cru ise  a l t i t u d e s  were high (25,000 t o  35,000 
f ee t ) ;  therefore ,  t he  resu l t ing  design l i m i t  equivalent a i rspeeds (EAS) were 
considerably less t h a n  the  c ru ise  speed capabi l i ty  of these airplanes f o r  
operations a t  low a l t i t udes .  
t r a f f i c  contrgl  problems or operat ional  problems t h a t  would prevent these 
V/STOL short-haul t ranspor t  a i r c r a f t  from operating a t  optimum cru ise  
conditions.  
during the  time period being considered f o r  these vehicles.  
e f f e c t s  of imposing lower c ru ise  a l t i t u d e  l i m i t s  were evaluated on some of 
these a i rp lanes .  The e f fec ts  of lowering cruise a l t i t u d e  on performance 
and d i r e c t  operating cost  were s tudied f o r  the turboprop VTOL, turboprop 
2,000-foot STOL, and propulsive wing 2,000-foot STOL airplanes.  

The turboprop VTOL airplane w a s  designed f o r  a 285 knot l i m i t  EAS and 
with an ul t imate  l i m i t  load f a c t o r  of 4.07. The turboprop 2,000-foot STOL 
a i rp lane  was designed f o r  a 282 knot l i m i t  EAS and an ul t imate  load f a c t o r  
of 4.07. 
365 knot l i m i t  EAS with an ult imate load fac tor  of 4.05. 

The study assumed that there  would be no a i r  

W i l e  such an operation is desired, it may not be achieved 
Hence, t he  

The propulsive wing 2,000-foot STOL airplane was designed f o r  a 
These design l i m i t  
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equivalent a i rspeeds and ul t imate  load f ac to r s  were se lec ted  a f t e r  evaluat ing 
t h e  effects  of t he  50-foot-per-second and 66-foot-per-second gus t  condi t ions 
on the operat ional  l i m i t s  and d i r e c t  operating cos ts  of these a i rp lanes  
during t h e  cruise ,  climb, and let-down port ions f o r  the  design s tage length. 

Figure 1. presents  the e f f ec t  of c ru i se  a l t i t u d e  on the  normal ra ted  
power (NRP) c ru i se  speed f o r  each of these  th ree  airplanes.  
VTOL and propulsive wing 2,000-foot STOL a i rp lanes  have a design c ru ise  
a l t i t ude  of 35,000 f e e t .  
design c ru ise  a l t i t u d e  of 25,000 f e e t .  
t h e  propulsive wing 2,000-foot SML a i rp lane  can c ru i se  with N R P  down t o  
a l t i t udes  as low as approximtely 24,000 f e e t  before encountering the  l imi t ing  
FAS. The turboprop VTOL a i rp lane  can c ru i se  with NRP down t o  a n  a l t i t u d e  
of approximately 22,000 f e e t  before encountering t h e  l imi t ing  EAS. The 
turboprop 2,000-foot STOL a i rp lane  can c ru i se  with NRP down t o  an a l t i t u d e  
of approximately 19,000 feet before encountering t h e  l imi t ing  EAS. To use 
an  NRP c ru i se  capabi l i ty  a t  a l t i t u d e s  below these l imi t ing  a l t i t u d e s  w i l l  
require an increase i n  the  a i rp lane  design u l t i m t e  load f a c t o r  and an 
increase i n  the  a i rp lane  empty weight. 

Tne turboprop 

The turboprop 2,000-foot STOL a i rp lane  has a 
From Figure 1 it can be seen t h a t  

Figure la  presents  t he  required var ia t ions  i n  the  design ul t imate  load 
f a c t o r  i f  these  th ree  a i rp lanes  are t o  be permitted t o  c ru i se  with NRF’ a t  
an a l t i t u d e  lower than  those t h a t  were found t o  be c r i t i c a l .  This f igu re  
shows that the  ul t imate  load f a c t o r  continues t o  increase f o r  the  turboprop 
airplanes a l l  t h e  way t o  a sea  l e v e l  c ru ise  a l t i t u d e .  
propulsive wing 2,000-foot STOL airplane reaches a m a x i m u m  ul t imate  load 
f a c t o r  a t  an a l t i t u d e  of approximately 5,000 f e e t .  
t h e  ultimate load f a c t o r  begins t o  decrease. Although t h e  c ru i se  speed 
capabi l i ty  of t h e  propulsive wing 2,000-foot STOL airplane is considerably 
higher than t h e  c ru i se  speed c a p a b i l i t i e s  of t h e  two turboprop powered a i r -  
planes, t h e  lower aspect r a t i o  of t he  wing of the  propulsive w i n g  a i rp lane  
is su f f i c i en t  t o  keep the  load f a c t o r  f o r  t h i s  airplane a t  approximately 
the  same l e v e l  as t h a t  which has been found t o  be adequate f o r  t he  turboprop 
airplanes.  

By cont ras t ,  t he  

A t  lower c ru i se  a l t i t u d e s ,  

Figure 2 presents a va r i a t ion  of d i r e c t  operating cos ts  (DOC) with the  
var ia t ion i n  c ru i se  a l t i t u d e  f o r  t he  60-passenger turboprop VTOL a i rp lane  
a t  stage lengths of 150 and 250 s ta tute  miles. It shows t h e  d i f fe rence  i n  
d i r e c t  operating cos ts  when f l y i n g  a t  the  l i m i t  EAS compared t o  f l y i n g  a t  
the  airspeed with NRP. 
below the c r i t i c a l  a l t i t u d e .  (The design takeoff weights of these  a i r c r a f t  
were unchanged; however, a s t r u c t u r a l  weight penal ty  has been applied t o  
permit c ru is ing  a t  t h e  higher speeds that are compatible when using NRP a t  
the  lower a l t i t u d e s .  The a i rp lane  f u e l  ava i lab les  have been reduced by t h e  
amount of t h e  s t r u c t u r a l  weight penalty.)  The NRP curve f o r  t h e  250-mile 
stage length condition is  terminated a t  an a l t i t u d e  of approximately 12,000 
feet  because, a t  a l t i t u d e s  below t h i s ,  t h e  airplane does not have s u f f i c i e n t  
f u e l  t o  permit f l y ing  the  250-mile s tage  length.  
benefi ts ,  i n  terms of DOC, f o r  being ab le  t o  c ru i se  with NRP i f  lower t h a n  
optimum cru ise  a l t i t u d e  l i m i t s  a r e  imposed. 

The curves f o r  c ru is ing  with NRP are t h e  dash l i n e s  

This f igu re  shows t h e  
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Figure 3 is similar t o  Figure 2 except t h a t  it is  f o r  t he  turboprop 
2,000-foot STOL airplane.  These curves are similar i n  shape t o  those 

that were developed f o r  the turboprop VML airplane,  but the  e f f e c t s  of 
stage length are less pronounced and the  var ia t ion  of DOC with c ru i se  
a l t i t u d e  does not have as s teep  a slope f o r  c ru is ing  a t  a l t i t u d e s  below 
the c r i t i c a l  a l t i t u d e .  Both Figures 2 and 3 show t h a t  t h e  DOC decrease 
s l i g h t l y  as the  c ru ise  a l t i t u d e  is reduced from t h e  design c ru ise  a l t i t u d e  
t o  t h e  c r i t i c a l  c ru ise  a l t i t ude .  Below the c r i t i c a l  a l t i t ude ,  t he  DOC f o r  
NRP c ru i se  i s  approximately constant t o  an a l t i t u d e  of approximately 10,000 
feet ,  and then it begins t o  increase a t  the lower a l t i t u d e s .  Cruise a t  
the  l i m i t  EAS below the  c r i t i c a l  a l t i t u d e  r e su l t s  i n  increased Doc. 

Figure 4 has been developed t o  show the va r i a t ion  of DOC with c ru ise  
a l t i t u d e  f o r  t h e  propulsive wing 2,000-foot STOL airplane.  This curve 
shows t h a t  t he  va r i a t ion  of d i r e c t  operating cos t s  with c ru ise  a l t i t u d e  
has only a negl ig ib le  var ia t ion  u n t i l  t h e  c r i t i c a l  a l t i t u d e  is reached. 
The va r i a t ion  of d i r e c t  operating cos ts  with c ru i se  a l t i t u d e  below the  
c r i t i c a l  a l t i t u d e  is  not as pronounced f o r  the propulsive wing 2,000-foot 
STOL a i rp lane  as f o r  two turboprop airplanes.  

I n  summary, then, these s tud ies  have shown that if it is required 
that V/STOL short-haul t ranspor t  a i r c r a f t  operate a t  less than optimum 
cru ise  a l t i t u d e s ,  it w i l l  probably be prof i tab le  t o  compromise these  
a i rp lanes  f o r  c ru is ing  at lower than optimum c ru i se  a l t i t u d e s  by designing 
f o r  a higher  EAS. 

Effec t s  of varying the  operating range. - Although the  a i rp lanes  
designed f o r  the  ground ru les  spec i f ied  i n  Reference 1 had a design s tage  
length of 500 s t a t u t e  miles, it is real ized such vehicles  would seldom be 
operated a t  t h i s  spec i f i c  stage length. Hence, t h e  e f f e c t s  of operating 
a t  o ther  s tage  lengths on the  takeoff performance were determined f o r  some 
of these a i r c r a f t ,  assuming that the  lower s t r u c t u r a l  load f a c t o r s  would 
be acceptable. Figures 5 through 8 present t he  r e s u l t s  of these  s tud ie s  
f o r  t he  turboprop VTOL, the  turboprop 1,000-foot STOL, t h e  fan-in-wing 
V/STOL, and the  propulsive wing 1,000-f oot STOL airplanes.  

Figures 5 through 8 present p l o t s  of takeoff dis tance and gross  weight 
The takeoff perform- versus the  operat ional  range f o r  these  four a i r c r a f t .  

ance shown i s  the  t o t a l  dis tance r e q u i r e d t o  c l e a r  a 50-foot obstacle  on a 
sea leve l ,  86°F day with one engine fa i led .  
turboprop VTOL airplane,  with one engine fa i led ,  has a VTOL capab i l i t y  
s u f f i c i e n t  t o  permit f l y ing  up t o  a 500-mile s tage  length ( the  design point  
f o r  t h i s  a i r c r a f t ) .  
m i l e  s t age  length, t h i s  a i rplane,  operated i n  the  STOL m o d e  f o r  takeoff ,  
would have a takeoff dis tance of less than 250 feet  t o  c l e a r  a 5O-foot 
obstacle.  This a i rp lane  could a l s o  have an operat ional  range of 1,000 
miles and s t i l l  requi re  less than 300 f ee t  t o  c l e a r  a 50-foot obstacle.  
If it should be so desired,  instead of using a shor t  takeoff run when 
f l y i n g  a s tage  length of 1,000 miles, t h i s  a i rp lane  could have i t s  
passenger load reduced from the  design number of 60 t o  44 and s t i l l  use 

Figure 5 shows t h a t  t h e  

I f ,  instead of using a v e r t i c a l  takeoff f o r  t he  500- 
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v e r t i c a l  takeoff f o r  the 1,000-mile s tage  length. 
turboprop propulsion system is shown on t h i s  f igure  i n  t h a t  only approxi- 
mately 7,500 pounds of f u e l  are required t o  extend the  operat ional  range 
from 50 miles t o  1,000 miles. 
ade'quate space is  ava i lab le  f o r  such fue l .  

The economy of t h e  

It has been assumed f o r  these analyses t h a t  

Figure 6 presents a comparable curve t o  Figure 5, except it is  f o r  the  
turboprop 1,000-foot STOL airplane.  
has l i t t l e  e f f e c t  on takeoff dis tance.  The takeoff performance presented 
i n  t h i s  f i g u r e  assumes t h a t  t h e  a i rp lane  does not use any wing tilt. 
wing tilting capabi l i ty  of 20° is ava i lab le  ( t h i s  20° capabi l i ty  w a s  pu t  i n  
t o  permit the  a i rp lane  t o  meet i ts  design landing requirements), and the  
use of t h i s  20' wing tilt could permit t h i s  takeoff d i s tance  t o  be consid- 
erably shorter .  This f igu re  again shows the  e f f ic iency  of t he  turboprop 
propulsion system i n  t h a t  less than 7,000 pounds of f u e l  are required t o  
extend the  operat ional  range from 50 s t a t u t e  miles t o  1,000 s t a t u t e  miles. 

It is  seen t h a t  a la rge  change i n  range 

A 

Figure 7 presents  t he  e f f ec t s  of takeoff d i s tance  on the  operat ional  
range f o r  t h e  fan-in-wing V/STOL airplane.  
capabi l i ty  of t h i s  airplane w i l l  permit it t o  f l y  a 50-mile s tage  length; 
but  i f  the  s tage length exceeds 50 miles, t he  a i rp lane  must use a shor t  
takeoff run. 
f u e l  are required t o  extend the  operat ional  range from 50 s t a t u t e  miles t o  
1,000 s t a t u t e  miles. It can be found from t h i s  f i gu re  t h a t  t h i s  a i rp lane  
can f l y  a 500-mile s tage length using i t s  VTOL capabi l i ty  if the  passenger 
load is  reduced from the  design value of 60 t o  a l eve l  of 22. 

This f igu re  shows that the  VTOL 

This f igure  a l s o  shows t h a t  approximately 16,000 pounds of 

Figure 8 presents  the  e f f e c t  of takeoff  dis tance on the  operat ional  
range f o r  t h e  propulsive wing 1,000-foot STOL airplane.  This f igu re  shows 
t h a t  increasing t h e  operat ional  range from 50 s t a t u t e  miles t o  1,000 s t a t u t e  
miles increases the  f u e l  required by approximately 10,000 pounds - not 
qu i t e  as e f f i c i e n t  as the turboprop propulsion system but  considerably more 
e f f i c i e n t  than the  fan-in-wing propulsion system. A comparison of t h e  data 
presented i n  Figure 8a with t h e  comparable da t a  presented i n  Figures 5a 
through 7a shows t h a t  t he  va r i a t ion  of takeoff d i s tance  with range is not 
near ly  so l i n e a r  for  t h e  propulsive wing a i rp lane  as f o r  t h e  turboprop o r  
fan-in-wing airplanes.  

Sens i t i v i ty  of Airplane Designs t o  Al te rna te  Design C r i t e r i a  

Sens i t i v i ty  of a i rp lanes  design t o  design s tage  length. - I n  order  t o  
determine the  s e n s i t i v i t y  of the  airplanes designed under Reference 2 t o  
the design stage length, a study has been made on the  t i l t -wing  VTOL air- 
plane and t h e  fan-and-wing V/STOL a i rp lanes .  For t h i s  study the  design range 
w a s  reduced t o  300 s t a t u t e  m i l e s ,  and t h e  f u e l  reserves  were reduced t o  
simply tha t  f u e l  required f o r  en ter ing  t h e  t r a f f i c  p a t t e r n  and making a 
landing on t h e  first pass. 
represent t he  minimum p r a c t i c a l  s i ze s .  One o ther  change i n  design c r i t e r i a  

It is  considered t h a t  t h e  r e su l t i ng  a i rp lanes  
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made f o r  these a i rp lanes  w a s  t h a t  t he  VTOL design c r i t e r i a  were applied 
only a t  the  landing condition a f t e r  a 50-mile mission. 

Table 2 presents  a comparison of some of t h e  more important character-  
i s t i c s  of t h e  a i rp lanes  which have been optimized f o r  t h e  300- and 500-mile 
stage length. 
t h a t  t h e  weight of t h e  turboprop VTOL airplane designed f o r  300 miles is  
approximately 90% of t h a t  f o r  the a i rp lane  designed f o r  500 miles. 
cont ras t ,  t he  fan-in-wing V/STOL airplane designed f o r  300 miles weighs 
approximately 80$ as much as t h e  a i rp lane  which was designed f o r  500 miles. 
The reason f o r  t h i s  difference i n  gross  weight r a t i o  comes about as a r e s u l t  
of t h e  reduction i n  t h e  quantity of f u e l  required. 
a i rp lane  optimized f o r  a stage length of 300 miles w i l l  have an optimum 
c ru i se  a l t i t u d e  of 25,000 feet. 
t a b l e  w i l l  show t h a t  t he  weight of t h e  fan-and-wing V/STOL a i rp l ane  would 
equal t he  weight of t he  turboprop VTOL airplane a t  a design stage length 
of approximately 175 s t a t u t e  miles. 

A c lose  ana lys i s  of t he  data  presented i n  t h i s  table w i l l  show 

By 

The turboprop VTOL 

A projection of t h e  data presented i n  t h i s  

Propulsive w i n g  V/STOL airplane.  - During t h e  study reported i n  Refer- 
ence 1, only STOL propulsive wing a i rp lane  designs were developed. A s  a 
r e s u l t  of t he  promise of these STOL designs, it was considered appropriate  
t o  develap a V/STOL propulsive wing airplane t o  the  same design c r i t e r i a  
used f o r  t h e  designs of Reference 1. A three-view drawing of t h e  resu l t ing  
propulsive wing V/STOL a i rp lane  is presented i n  Figure 9. This a i rp lane  is 
f i t t e d  with fou r  gas generators dr iv ing  f m r  wing fans.  The gas generators 
are connected t o  t h e  turbines  which dr ive  these w i n g  fans  with an in t e r -  
connecting hot-gas duct system. The design gross  weight of t h e  a i rp lane  
i s  73,300 pounds, and the  a i rp lane  has a design c ru ise  Wch number of 0.9 
a t  i t s  design c ru i se  a l t i t u d e  of 40,000 feet .  
diameter fans.  
each. 
nose of t h e  fuselage t o  provide hover and slow speed p i t c h  t r i m  and control.  
The p i t c h  engines a r e  s ized  s o  that each is capable of providing t h e  maximum 
longi tudinal  t r i m  f o r  t he  hover mode, plus 20 percent of t h e  hover p i t c h  
cont ro l  requirements, and the  r e su l t i ng  engines a re  capable of developing 
15,250 pounds of t h r u s t  each. The exhaust system f o r  these  engines i s  
arranged s o  that they are run a t  f u l l  th rus t  when i n  use. The gas exhaust 
from these engines i s  var ied between the  f ront  and af t  o u t l e t s  i n  order t o  
vary t h e  p i tch ing  moment. 
a i rp lane  is  presented i n  Table 3.  

This a i rp lane  uses 59.5-inch 
The four  main gas generators produce 6,380 pounds of t h r u s t  

The a i rp lane  a l s o  has two l i f t - t y p e  gas generators  located i n  t h e  

A weight breakdown of the  propulsive wing V/STOL 

Direct  operating cos t  comparisons between the  propulsive wing 1,000- 
f o o t  STOL a i rp lane  and the  propulsive wing V/STOL a i rp lane  have been made 
using parametric-type cost ing equations rather  than t h e  modified ATA cost ing 
methodology used i n  Reference 1. The parametric cost ing equations show 
t h a t  d i r e c t  operating cos ts  f o r  t he  V/STOL a i rp lane  were j u s t  s l i g h t l y  
higher than those of a 1,000-foot STOL airplane.  
i s  approximately 1 4  heavier than the  1,000-foot STOL a i rp lane ,  t he  deprecia- 
t i o n  cos t s  should be approximately 1% greater  than t h e  depreciat ion cos ts  of 
t he  propulsive wing 1,000-foot STOL airplane.  The fue l  requi red  i s  approxi- 
mately 18% grea te r  f o r  t h e  propulsive wing V/STOL a i rp lane  than f o r  t he  

Since the  V/STOL a i rp lane  
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propulsive wing 1,000-foot STOL airplane;  theref  ore, t he  f ly ing  operations 
cos t s  w i l l  be higher ( t o  a lesser percentage). 
approximately equal the  maintenance cos ts  t h a t  were determined f o r  t h e  
propulsive wing 1,000-foot STOL airplane.  As a r e s u l t  of these considera- 
t ions ,  it is  projected t h a t  a de t a i l ed  cost ing ana lys t s  of t h e  propulsive 
wing V/STOL a i rp lane  would show d i r e c t  operating cos t s  were between 10 and 
1 5  percent g r e a t e r  f o r  t h e  propulsive wing V/STOL a i rp lane  thsn  f o r  propulsive 
wing 1,000-f oot S1Y)L airplane.  

Wintenance cos ts  would 

Propel le r  RPM-Engine R P M  Mtch  

I n  t he  study of Reference 1, the  propel le rs  of a l l  t he  turboprop 
a i r c r a f t  were designed f o r  maximum s t a t i c  t h r u s t .  
w a s  obtained with a propel le r  t i p  speed of 1,000 f e e t  pe r  second ( fps ) .  
It w a s  found during t h e  course of t he  study t h a t  c ru ise  performance, r a t h e r  
than takeoff performnce,  was c r i t i c a l  f o r  s i z ing  the  propulsion system 
of the  turboprop STOL a i r c r a f t .  
NRP s e t t i ng  and a t  a p rope l l e r  R P M  t h a t  was  between 70 and 80 percent of 
t h e  RPM needed t o  give a 1,000 f p s  propel le r  t i p  speed a t  takeoff .  "he 
use of t h i s  low percentage of the  design engine f ree- turb ine  RPM caused 
the  engine performance t o  be penalized; consequently, a study was made 
of d i f f e ren t  takeoff p rope l l e r  t i p  speeds coupled with 100 percent engine 
free-turbine R P M  (i.e., d i f f e r e n t  engine free- turbine t o  p rope l l e r  gear  
r a t i o s )  with d i f f e r e n t  propel le r  a c t i v i t y  f a c t o r s  and in tegra ted  design 
l i f t  coeff ic ients .  By matching the  100 percent engine f ree- turb ine  R P M  
with an 800 fps  propel le r  t i p  speed instead of t he  o r ig ina l  1000 f p s  
propel ler  t i p  speed, t h e  c ru i se  speed was increased from 340 knots t o  
370 knots with a negl ig ib le  change i n  takeoff performance f o r  both the  
turboprop 1,000-foot STOL and 2,000-foot STOL a i rp lanes  (Reference 1). 
This reduction i n  propel le r  takeoff t i p  speed would a l s o  provide a la rge  
reduction i n  p rope l l e r  noise during takeoff ,  and these  e f f e c t s  w i l l  be 
discussed later. 

I&iximum s t a t i c  t h r u s t  

The best c ru i se  speed occurred f o r  an 

I n  l i g h t  of these  performance improvements f o r  t h e  turboprop STOL 
airplanes,  an addi t iona l  study was conducted t o  determine i f  similar 
improvements could be obtained f o r  the  turboprop VTOL 60-passenger a i rp lane  
by rematching t h e  propel le r  takeoff RPM with the  engine free- turbine RPM. 
Figures 10 through 14 summarize the  r e s u l t s  of varying the  propel le r  take-  
off t i p  speed, t he  engine free- turbine BPM during takeoff ( t he  engine free- 
turb ine  can be operated a t  125 percent of t he  design RPM without adversely 
affect ing the  s t r u c t u r a l  i n t e g r i t y  of t h e  engine), and the  engine shaft 
horsepower ( S H P )  level .  
presented i n  Figure 10, on takeoff weight i n  Figure 11, and on c ru i se  speed 
i n  Figure 12. The r e su l t i ng  change i n  operating cos ts  is given i n  Figures 
13 and 14. 
f p s  f o r  the engine free- turbine operating a t  100 percent  RPM reduces t h e  
VTOL takeoff weight (because of t h e  reduction i n  s t a t i c  t h r u s t )  and payload 
by 3,200 pounds and increases  the  c ru i se  speed from 339 knots t o  362 knots 
(because of a b e t t e r  propel le r  RPM-engine f ree- turb ine  RPM match a t  c ru ise) .  
By using the gear  r a t i o  which gives  a p rope l l e r  t i p  speed of 900 fps  a t  

The e f f e c t s  of these  var iab les  on payload are 

Reducing t h e  p rope l l e r  takeoff  t i p  speed from 1000 f p s  t o  900 



100 percent engine free- turbine RPM and overspeeding the  engine free- turbine 
a t  takeoff t o  111 percent ( i n  order t o  g e t  a takeoff propel le r  t i p  speed 
of 1,000 fps), t h e  takeoff weight and payload are reduced by only 450 
pounds and t h e  c ru i se  speed is increased from 339 knots t o  357 knots. 
Further overspeeding of the  engine free-turbine f o r  takeoff while main- 
t a in ing  a 1,000 fps  propel le r  t i p  speed would cause a more rapid drop i n  
payload. 

Increasing the  i n s t a l l e d  engine sha f t  horsepower makes possible  t h e  
use of lower propel le r  takeoff t i p  speeds and/or f u r t h e r  overspeeding of 
t h e  engine free- turbine during takeoff i n  order t o  provide a b e t t e r  match 
between t h e  hover and cru ise  t h r u s t  requirements while s t i l l  maintaining a 
constant passenger load. 

Figure 13 presents  t he  r e l a t i v e  d i r e c t  operating cos t s  on a cost-per- 
airplane-mile basis associated with rematching t h e  p rope l l e r  takeoff t i p  
speed, t h e  engine free- turbine EZPM during takeoff, and the  percentage 
increase i n  shaft horsepower over t h a t  used f o r  t he  bas ic  design. 
f i gu re  shows t h a t  overspeeding t h e  engine free-turbine f o r  takeoff and 
reducing t h e  takeoff propel le r  t i p  speed s igni f icant ly  reduces t h e  d i r e c t  
operating cos t s  on a per-airplane-mile basis; but  increasing the  engine 
shaft horsepower does not mike an appreciable (less than one percent)  e f f ec t .  

This 

If the  VTOL ground rules a r e  re ta ined and accounting f o r  t he  change 
i n  payload i s  made by varying the  passenger load (assuming space is  ava i l -  
ab le  f o r  add i t iona l  passengers and/or fue l ,  as appropriate) ,  t he  e f f e c t s  
on the  r e l a t i v e  d i r e c t  operating cos ts  on a cost-per-seat-mile bas i s  are 
shown i n  Figure 14. 
passengers ca r r i ed  equals t h e  payload (Figure 10) divided by 220 ( the  weight 
allowance p e r  passenger, including baggage and revenue cargo). 

This curve has been developed assuming the  number of 

These curves show t h a t  a bet ter  match between engine and propel le r  
R P M  can be made f o r  turboprop V/STOL short-haul t ranspor t  a i r c r a f t  than 
w a s  used f o r  t he  turboprop point  design a i r c r a f t  of Reference 1. A5 an 
example, reducing the  takeoff propel le r  t i p  speed t o  950 fps ,  increasing 
t h e  engine takeoff f ree- turbine speed t o  118 percent of i t s  design value, 
and increasing t h e  i n s t a l l e d  shaft horsepower by 10% over the  value used 
i n  Reference 1 would reduce the d i r e c t  operating cos ts  per-seat-mile by 
approximately seven percent compared t o  those cos ts  determined i n  Reference 
1. 

Drag Polars 

I n  order  to provide a more basic  understanding of some of t he  funda- 
mental aerodynamic cha rac t e r i s t i c s  used in  configuring the  a i rp lanes  
developed i n  response t o  Reference 2, landing drag polars  have been developed 
f o r  fou r  of these a i rp lanes  and are presented i n  Figures 1 5  through 18. 
These landing polars  are f o r  operating on sea level ,  86°F day ambient 
atmospheric conditions. 
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Figure 15 presents  t h e  landing drag polar  f o r  the  turboprop V/STOL 
This po la r  i s  f o r  a condition where the  wing is  t i l t e d  up 20 

The angles of a t t a c k  a r e  var ied from zero degree 

airplane.  
degrees and the  48 percent chord, f u l l  span, double-slotted f l a p s  are 
deflected 60 degrees. 
t o  a posi t ive 12 degrees, and the  t h r u s t  coef f ic ien t ,  based on s l ipstream 
dynamic pressure,  is  var ied from 0.5 t o  0.8. The symbol i n  t h i s  f igure ,  
located a t  a lift coef f ic ien t  of approximately 10 and a dr'ag coe f f i c i en t  
of approximately 1.5, represents  t he  condition f o r  an 800-foot-per-minute 
rate of descent a t  a 54-knot f l i g h t  speed. This condition represents  t h e  
c r i t i c a l  STOL landing conditions as spec i f ied  by Reference 2. It can be 
seen from t h i s  f i gu re  t h a t  a t  t h i s  landing condition, and with t h i s  wing 
incidence and f l a p  configuration, t h e  a i rp lane  is operating c lose  t o  the  
buffet  onset boundary. 
that the i n i t i a l  buf fe t  i s  m i l d .  This curve shows t h a t  increasing the  
t h r u s t  coeff ic ient  from .65 t o  .75 ( the  equivalent t o  increasing the engine 
power from approximately 30% t o  40%) w i l l  give a normal acce lera t ion  increase 
of 0.30 g's. 
while f ly ing  so  close t o  the  buf fe t  onset boundary, a l i g h t  appl ica t ion  of 
power w i l l  cor rec t  it; therefore ,  it is  expected that t h e  a i rp lane  would 
be safe  f o r  such operations. 

F l igh t  experience with the  XC-142A a i rp lane  shows 

I f  a p i l o t  should encounter an undesirable f l i g h t  condition 

Figure 16 presents  t he  landing drag polar  f o r  t he  turboprop 2,000-foot 
STOL airplane.  For t h i s  curve, t h e  angles of a t t ack  a r e  var ied f r o n  zero 
degree 
from 0 . 1 t o  0.7. The symbol shown a t  a lift coe f f i c i en t  of approximately 
3.7 and a drag coef f ic ien t  of approximately 0.4 represents  t he  aerodynamic 
conditions t h a t  are required f o r  descending a t  800 feet  p e r  minute while 
f ly ing  a t  86 knots,  t he  c r i t i c a l  landing condition spec i f ied  by Reference 
2 f o r  t h i s  a i rplane.  From t h i s  f i gu re  it can be determined t h a t  increasing 
t h e  angle of a t t ack  from approximately s i x  degrees t o  approximately 8.5 
degrees w i l l  provide an 0. lg  normal acce lera t ion  as required by Reference 2 
f o r  t h i s  s i t u a t i o n  where one engine has failed. It can be a l so  seen from 
this f igure t h a t  increasing the  t h r u s t  coef f ic ien t  from approximately .25 
t o  approximately .29 w i l l  a l s o  give an 0 . lg  normal acce lera t ion  capab i l i t y  
t o  the  a i rp lane ,  another a l t e r n a t e  design condition spec i f ied  by Reference 
2. 
degrees t o  approximately t e n  degrees and increasing t h e  t h r u s t  coe f f i c i en t  
from approximately .25 t o  approximately .35, o r  simply increasing the  t h r u s t  
coef f ic ien t  t o  .45 with no angle of a t t a c k  change, w i l l  give an increase 
i n  t h e  normal fo rce  coef f ic ien t  of 0.3, another of t he  requirements of 
Reference 2. 
margin i n  all of the  c r i t i c a l  conditions of t h e  landing mode of operation. 

t o  a pos i t ive  12 degrees, and the  t h r u s t  coe f f i c i en t s  are var ied 

For t h e  same f l i g h t  condition, increasing the  angle of a. t tack from 6 

I n  summary then, it can be seen t h a t  t h i s  a i rp lane  has adequate 

Since the  wing geometry f o r  t he  turboprop V/STOL a i rp lane  and the  
turboprop 2,000-foot STOL a i rp lane  are similar, t he  polars  f o r  these  air-  
planes w i l l  be similar f o r  comparable wing incidences and f l a p  de f l ec t ion  
conditions. A comparison of Figures 15 and 16 gives  an ind ica t ion  of t he  
e f f e c t s  of w i n g  tilt on these polars.  
wing tilt condition, shows t h a t  a t  a t h r u s t  coef f ic ien t  of 0.7 and an angle 
of a t tack of 8 O ,  t h i s  a i rp lane  w i l l  have a lift coe f f i c i en t  of approximately 

As an example, Figure 16, a zero 



7.5 and a drag coe f f i c i en t  of approximately -1.2. Figure 15, f o r  a wing 
tilt wing condition of 20 degrees, shows tha t  a t  the  same t h r u s t  coef f i -  
c i en t  and angle of a t tack ,  t he  a i rp lane  develops a l i f t  coe f f i c i en t  of 
approximately 10.7 and a drag coef f ic ien t  of a pos i t ive  1.4; therefore ,  
adding 20 degrees of wing incidence has increased the  trimmed l i f t  coef f i -  
c i e n t  by over 3.2, and the  drag coeff ic ient  has increased by approximte ly  
2.6. Thus, these  two f igu res  i l l u s t r a t e  the operat ional  f l e x i b i l i t y  ava i l -  
able t o  the p i l o t  of a tilt wing V/STOL airplane. 
a i rp lane  has t he  a b i l i t y  t o  ad jus t  h i s  wing tilt t o  provide a wide l a t i t u d e  
of safe f l i g h t  conditions i n  the  slow speed f l i g h t  modes. 

The p i l o t  of such an 

Figure 17 presents  t he  landing drag polar f o r  t he  fan-in-wing V/STOL 
a i rp lane  developed i n  response t o  Reference 2. 
c a l l y  f o r  a condition of f ly ing  a t  54 knots a t  sea l e v e l  on an 86°F day. 
The symbol located a t  a l i f t  coe f f i c i en t  Of approximately 7.0 and a drag 
coef f ic ien t  of approximately 1.25 indicates  t h e  f l i g h t  conditions f o r  making 
an 800-foot-per-minute rate of descent at a 54-knot f l i g h t  condition. 
should be kept i n  mind, while re fer r ing  t o t h i s  f igure,  t h a t  t h i s  po la r  
assumes the  nose f an  is not operative,  and the  nose f an  makes a la rge  
contr ibut ion t o  the  normal force  on t h i s  airplane.  (The nose f a n  l i f t  w i l l  
provide a l i f t  coe f f i c i en t  change of approximately 1.5 a t  t h i s  f l i g h t  
condition.)  
approximte ly  60$ t o  approximately 75% f o r  the  condition where t h e  w i n g  f an  
louvers are def lected af t  by 10' w i i i  provide G . l g  normal acceier%tion 
required by Reference 2 f o r  t he  engine-out f l i g h t  s i t ua t ion .  
be seen from t h i s  f i gu re  that increasing the parer t o  90 percent a t  a 
constant angle of a t t ack  w i l l  increase the  l i f t  coe f f i c i en t  t o  approximately 
9.5, a value needed t o  provide a .3g normal acce lera t ion  with a l l  engines 
operating, another of t h e  conditions specified by Reference 2. It does not 
appear from t h i s  f i gu re  t h a t  increasing the angle of a t tack ,  alone, w i l l  
provide the  capab i l i t y  of increasing t h e  normal force  coe f f i c i en t  by 0.1, 
one of the a l t e r n a t i v e s  spec i f ied  by Reference 2. 

This drag po la r  is specifi- 

It 

This f igu re  shows t h a t  increasing the  wing f an  t h r u s t  from 

It can a l s o  

Figure 18 presents  t he  landing drag polar f o r  t h e  propulsive w i n g  
2,000-foot STOL airplane.  This landing drag polar  is s p e c i f i c a l l y  f o r  t he  
operat ional  conditions on a sea leve l ,  86°F day, and it is f o r  the  nose f an  
inoperative case. The symbol s h a m  at a l i f t  coe f f i c i en t  of approximately 
3.4 a t  a drag coe f f i c i en t  of approximately 0.4 ind ica tes  the  operat ional  
condition for  an 800-foot-per-minute r a t e  of s ink  a t  a f l i g h t  condition of 
86 knots. 
approximately 0.6 a t  t h i s  f l i g h t  condition.) From t h i s  curve, it can be 
seen t h a t  t h e  a i rp lane  can increase its angle of a t t ack  at a constant power 
setting t o  g ive  a change i n  normal accelerat ion of 0.1 with a f l a p  de f l ec t ion  
of 90" - one of the engine-out requirements spec i f ied  by Reference 2. The 
propulsion system can maintain SO$ t h r u s t  with one engine f a i l e d  by operating 
t h e  engines a t  emergency power. The airplane can increase power and angle 
of a t t a c k  t o  g e t  t h e  increase i n  normal accelerat ion of 0.3 t o  s a t i s f y  the  
margin requirements f o r  a l l  engines operating as spec i f ied  by Reference 2. 

(The nose f an  l i f t  w i l l  provide a l i f t  coe f f i c i en t  increase of 
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Noise 

Effects of a i r c r a f t  s i ze .  - Under Reference 2, 60-, gO-, and 120- 
passenger a i rp lanes  were developed f o r  se lec ted  turboprop, fan-in-wing, 
propulsive wing V/STOL designs. 
noise leve l  contours during the  takeoff  mode of f l i g h t  f o r  60- and 120- 
passenger a i r c r a f t  designed around each of these th ree  V/STOL concepts. 
These contours descr ibe the  noise l eve l s  f o r  ground-based observers with 
an assumed climbout angle of 20°. Figure 19 shows t h e  e f f e c t  of a i r c r a f t  
s i z e  on perceived noise l e v e l  f o r  t he  turboprop VTOL airplane.  
shows tha t  f o r  t he  turboprop concept, the noise l e v e l  a t  most dis tances  
f romthe  source f o r  t h e  120-passenger a i rp lane  is from 5 t o  7 PNdb higher 
than  fo r  t he  60-passenger a i r c r a f t .  

Figures 19 through 21  present  perceived 

This curve 

Figure 20 presents  the  e f f e c t  of s i z e  on the  perceived noise l e v e l  
f o r  the fan-in-wing V/STOL a i rp lane  during the  takeoff f l i g h t  mode. 
f i gu re  shows t h a t  t he  perceived noise l e v e l  is approximately 10 decibels  
higher f o r  the  120-passenger a i rp lane  than it is f o r  the  60-passenger 
airplane.  

This 

Figure 2 1  presents the  e f f e c t s  of s i z e  on perceived noise l e v e l  f o r  
This curve the  propulsive wing 2,000-foot STOL a i rp lane  during takeoff .  

shows d i f f e ren t  r e s u l t s  than have the  two previous curves i n  t h a t  t h e  
perceived noise l eve l  f o r  the  l a r g e r  a i rp lane  is lower than it is f o r  t h e  
smaller a i rp lane .  This unusual change i n  t rend occurs because t h e  j e t  
engine RPM increases as the  a i rp lane  s ize  increases  from the 60-passenger 
s i z e  t o  a 120-passenger s i ze .  
spectrum peak beyond the  last octave band; thus, t he  perceived noise l e v e l  
e f f ec t s  from t h e  higher octave bands a r e  lowered. 

This increase i n  engine RPM s h i f t s  t h e  

Effect of reduced propel le r  t i p  speed. - It has been mentioned pre- 
viously t h a t  f o r  the  turboprop 2,000-foot STOL a i rp lane ,  t he  propel le r  t i p  
speed can be reduced and provide a more e f f i c i e n t  match between the  desired 
propel ler  performance cha rac t e r i s t i c s  f o r  takeoff and c ru i se  f l i g h t  con- 
di t ions.  Another benef i t  t h a t  can be derived from reducing t h e  takeoff 
propeller t i p  speed is a reduction i n  the  propel le r  noise i n  t he  takeoff 
mode of f l i g h t .  Figure 22 presents a descr ip t ion  of t he  e f f e c t s  of t he  
propel ler  t i p  speed on the  perceived noise l e v e l  contours f o r  t he  turboprop 
2,000-foot STOL a i rp lane  during a takeoff.  
l eve l  contours f o r  both 1,000-f oot-per-second propel le r  t i p  speeds and 
800-f oot-per-second propel le r  t i p  speeds. 
a i rplane f i t t e d  with propel le rs  having a n  800-f oot-per-second t i p  speed, the  
perceived noise l e v e l  is  nearly 10 decibels  lower thzn f o r  the  a i rp lane  
f i t t e d  with propel lers  using a 1,000-foot-per-second t i p  speed. 

This curve shows perceived noise 

This curve shows t h a t  f o r  the  

Figure 23 a l s o  shows the  e f f e c t s  of t he  propel le r  t i p  speed on noise 
This curve presents  t h e  maximum r a d i a l  dis tance during the  takeoff mode. 

from the a i rp lane  a t  which a given perceived noise  l e v e l  is detected.  
a r e  presented f o r  t he  turboprop V/STOL a i rp lane  f i t t e d  with propel le rs  

Curves 



ro ta t ing  a t  a 1,000-foot-per-second t i p  speed and f o r  t he  turboprop 2,000- 
f o o t  STOL a i rp lane  f i t t e d  with propel lers  rotat ing with propel le r  t i p  speeds 
of 1,000-f oot-per-second and 800-f oot-per-second. 
between noise l eve l  f o r  t he  turboprop V/STOL a i rp lane  and t h e  turboprop 
2,000-foot STOL a i rp lane  f i t t e d  with a propel ler  ro ta t ing  a t  1,000-foot-per- 
second t i p  speeds are the  power differences between these two airplanes.  
The engines of t he  turboprop V/STOL airplane develop approximately 60% more 
power than do the  engines of the turboprop 2,000-foot STOL airplane.  

The primary difference 

It is important t o  note t h a t  while the source noise l e v e l  between using 
1,000-f oot-per-second and 800-f oot-per-second t i p  speed i s  not g rea t  at 
dis tances  very close t o  the airplane,  sha rp  reductions i n  noise do occur as 
the  dis tance from the  a i rp lane  i s  increased. These reductions occur p r i -  
marily because the  low frequency band noise leve ls  have been reduced f o r  
the  propel le r  having an 800 fps  t i p  speed. 
levels ,  which have not been appreciably reduced, a t tenuate  much more rap id ly  
than do the  lower frequency noises. 

The higher frequency noise 

A.ccuracy of noise predict ions methods. - I n  order t o  g e t  an assessment 
of t he  accuracy of t he  noise predict ion methods t h a t  have been u t i l i z e d  i n  
t h i s  study a n d t h e  study reported i n  Reference 1, a comparison has been 
made of measured and calculated perceived no i se  l eve ls  f o r  the  X C - 1 4 a  
a i rp lane  and the Breguet 941 airplane.  
the  measured and calculated perceived noise l eve l s  f o r  t he  X C - 1 4 2 ~  a i rp lane  
i n  hover. The calculated Curves ceEe QQ% as pure c i r c l e s  about t h e  hover 
point,  whereas t he  measured da ta  have lobes located 45 degrees t o  l e f t  o r  
r i gh t  i n  f r o n t  and a f t  around the  airplane.  

Figure 24 presents  a comparison of 

Figure 24 shows t h a t  these lobes i n  the quadrants a f t  of the a i rp lane  
f o r  t he  80 PNdb noise l e v e l  go beyond the  calculated l i n e s  s l i gh t ly .  
lobes i n  the  forward quadrants of t he  airplane do not extend t o  the  ca l -  
culated l ines .  For t h e  90 PNdb level ,  t he  measured lobes ext,end t o  the  
calculated l i n e s  i n  t he  a f t  quadrant and again do not extend t o  the  calcu- 
l a t ed  leve ls  i n  the  forward posi t ions.  When the  measured l i n e s  extend 
beyond the  ca lcu la ted  l i nes ,  t he  noise is grea te r  than would be calculated.  
These curves show t h a t  the calculat ions can be as much as 7 decibels  i n  
e r r o r  f o r  t h i s  p a r t i c u l a r  f l i g h t  condition and t h i s  a i rplane.  It should be 
noted that f o r  t h e  100 PNdb level ,  t he  calculat ions very c lose ly  agree with 
the  measured values. 

The 

Figure 25 presents  a comparison of measured and calculated noise l eve l s  

One was 70 f e e t  t o  the  s ide  of t he  
f o r  t he  Breguet 941 as measured from a s ide- l ine  pos i t ion  during a takeoff 
ground r o l l .  
cen ter l ine  of t h e  runway and the  other  370 f e e t  t o  the  s i d e  of the  runway 
center l ine  as shown on Figure 25. The calculated values are compared with 
measured values t h a t  were m d e  during four  d i f f e r e n t  takeoff runs. I n  
general ,  t h e  ca lcu la t ions  f o r  microphone number 1 pos i t ion  a r e  higher than 
the  measured values - by as much as 5 decibels f o r  one frequency range. For 
the  microphone loca t ion  number 2, t he  calculat ions are much more accurate;  
but  i n  t h e  higher  frequency bands, one posit ion was found t o  be ca lcu la t ing  
excessive noise  by near ly  9 decibels .  

Two microphones were used. 
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Figures 24 and 25 show t h a t  t he  ex i s t ing  predict ion methods can make 
reasonably close e s t i m t e s  of noise i n  general;  but these f igu res  a l s o  
i l l u s t r a t e  that t h e  ex i s t ing  ca lcu la t ion  methods are t o t a l l y  inadequate f o r  
making accurate estimates of noise f o r  a wide va r i e ty  of conditions and a t  
a l l  octave bands. 
decibels out of 115 seems l i k e  a very small percentage, but an increase of 
s i x  decibels a t  any l e v e l  means t h a t  t h e  noise f o r  t he  higher dec ibe l  l e v e l  
i s  twice as loud as f o r  t he  lower leve l .  Additional improvement i s  needed 
on noise estimating methods f o r  V/STOL a i r c r a f t  t h a t  u t i l i z e  propel le rs .  
It i s  also expected t h a t  improvements w i l l  be required on noise  es t imat ing 
methods f o r  j e t  powered V/STOL a i r c r a f t .  

It should be kept i n  mind that an e r r o r  of f i v e  t o  t e n  

SUMMARY 

As a r e s u l t  of t he  add i t iona l  examinations and per turbat ions m a d e  on 
the  designs developed i n  response t o  Reference 2 and reported i n  Reference 1, 
t h e  following conclusions a r e  draim: 

1. A V/STOL short-haul. t ranspor t  a i rp lane  should have ser ious  consid- 
e ra t ion  given i n  t h e  se l ec t ion  of i t s  design cha rac t e r i s t i c s  t o  the  possi-  
b i l i t y  t h a t  t h i s  a i rp lane  may have t o  operate a t  nonoptimm c ru i se  conditions.  
Such considerations would probably r e s u l t  i n  redesigning the  a i r c r a f t  of 
Reference 1 which were optimized for a 500-rni1.e s tage  length. 
would permit the  a i r c r a f t  t o  operate a t  higher equivalent a i r  speeds than 
would be required if t h e  a i rp lane  were a t  optimum c ru i se  conditions.  

This redesign 

2. If space is ava i lab le  f o r  fue l ,  V/STOL a i r c r a f t  can use s l i g h t l y  
increased takeoff dis tance and obtain a large increase i n  the  maxisum 
operational stage length. 

3.  The design of V/STOL a i r c r a f t  is very sens i t i ve  t o  t h e  design s tage  
length,  and the  choice of the  bes t  V/STOL arrangement may vary as the  design 
s tage  length is  varied. 

4. Proper matching of t he  p rope l l e r  takeoff RPM and the  engine takeoff 
RPM f o r  turboprop V/STOL a i r c r a f t  designs can provide DOC bene f i t s  and 
reductions i n  t h e  far f i e l d  noise  c h a r a c t e r i s t i c s  of these  airplanes.  
These changes d id  not reduce the  takeoff performance of t he  turboprop STOL 
airplanes,  but they did give increased c ru i se  speed. 
VTOL airplanes,  t he  reduced propel le r  takeoff  t i p  speed and t h e  increased 
engine takeoff R P M  reduced the  hover performance, and, hence, it w a s  neces- 
sa ry  t o  increase the  engine s ize .  

For t h e  turboprop 

5 .  I n  general, as the  a i r c r a f t  s i z e  increases, t he  perceived noise l e v e l  
cha rac t e r i s t i c s  i n  takeoff of t h e  V/STOL a i rp lanes  increase.  

6.  The ex is t ing  noise pred ic t ion  methods are inadequate t o  make accurate  
predict ions of t he  noise of propel ler-dr iven a i r c r a f t .  
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TABLE I 

V/STOL SHORT-HAUL TRANSPORTS 

DESIGN GROUND RULFS 

Passenger plus  baggage weight is 200 pounds per  passenger 

Revenue cargo is 10% of the  design passenger weight 

The perceived noise l e v e l  i n  the  cargo compartment s h a l l  not exceed 
75 decibels  i n  takeoff o r  70 decibels  i n  c ru i se  

The landing gear  is designed f o r  a 12 fps r a t e  of s ink  

The a i rp lane  s t r u c t u r a l  design c r i t e r i a  is t h a t  defined by Federal  
Aviation Regulations, Pa r t  25, Airworthiness Standard: Transport 
Category Airplanes 

Takeoff and landing performance is based on sea level ,  86°F day 

Special  VTOL design c r i t e r i a :  

T/W = 1.15, a l l  engines operating, no cont ro l  input 
T/W = 1.05, a l l  engines operating, 50% of t h e  maximum cont ro l  

about the  c r i t i c a l  ax i s  p lus  20% about t he  o ther  two 
axes 

T/W = 1.05, t he  c r i t i c a l  engine inoperative,  no cont ro l  input 
T/W = 1.0, t he  c r i t i c a l  engine inoperative,  5O$ of t he  maximum 

cont ro l  about t he  c r i t i c a l  ax i s  plus  20% about t he  other  
two axes 

Special  STOL design c r i t e r i a :  

Takeoff f i e l d  length is  ca lcu la ted  assuming a c r i t i c a l  
engine is  failed 

Landing f i e l d  length required i s  t h e  ca lcu la ted  required 
landing dis tance divided by 0.60 

The rate of descent s h a l l  not exceed 800 fpm during t h e  
landing approach 

The maximum dece lera t ion  roll during t h e  landing ground 
r o l l  s h a l l  not exceed 0.5 g ' s  



TABLE 2 

COMPARISON OF AIRPLANES DESIGNED FOR 300- 

AND 500-MILE STATUTE MILE STAGE LENGTHS 

Item Turboprop 

Design S t w e  Length, S.Mi. 500 

Gross Weight, lb. 62,300 

Design VTOL Weight, lb. 62,300 

Fuel Load, lb. 6,407 

SHF' o r  Thrust per Engine 5,960 

VTOL Fan-in-Wing V/STOL 

300 500 300 

55,950 79,587 63 , 300 

52 , 320 72,827 56,555 

3,835 3-7 , 190 7,210 

5,080 6,400 5,160 

Propeller o r  Wing Fan Diameter 18.3 Ft. 16.1 Ft .  87 In. 79 In. 

Optimum Cruise Altitude, Ft .  35,000 25,000 35,000 35,000 

I 

Optimum Cruise Speed, Knots 350 395 460 460 
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TABLE 3 

ESTIMATED WEIGHT BREAKDOWN 

60-PASSENGER PROPULSIVE W I N G  V/STOL AIRPLANE 

Component 

W i n g  Group . . . . . . . . . . . . . . . .  
TailGroup . . . . . . . . . . . . . . . .  
B o d y  Group . . . . . . . . . . . . . . . .  
Alighting Gear . . . . . . . . . . . . . .  
Flight Controls Group . . . . . . . . . .  
Nacelle Group . . . . . . . . . . . . . .  
Engines . . . . . . . . . . . . . . . . .  
Exhaust System . . . . . . . . . . . . . .  
Lubricating System . . . . . . . . . . . .  
Fuel System . . . . . . . . . . . . . . .  
Engine Controls . . . . . . . . . . . . .  
Starting System . . . . . . . . . . . . .  
Fan System . . . . . . . . . . . . . . . .  
Hot G a s  Ducting System (including d ive r t e r  
Instrument Group . . . . . . . . . . . . .  
Hydraulic and Pneumatic Group . . . . . .  
Elec t r ica l  Group . . . . . . . . . . . . .  
Electronics Group . . . . . . . . . . . .  
Furnishing Group . . . . . . . . . . . . .  
Air-conditioning Group and Anti-Icing . . 
A u x i l i a r y  Gear Group . . . . . . . . . . .  

. . . .  . . . .  . . . .  . . . .  . . . .  . . . .  . . . .  . . . .  . . . .  . . . .  . . . .  . . . .  . . . .  
values) 
. . e .  . . . .  . . . .  . . . .  . . . .  
. e . .  . . . .  

. .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  

Weight. 
Pounds 

4. 966 
1. 559 
7. 445 
2. 743 
3. 596 
2. 238 
4. 760 

134 
140 
785 
128 
200 

6. 127 
1. 052 

383 
338 

1. 336 
691 

5. 391 
1. 423 

40 

TOTAL EMPTY WEIGHT . . . . . . . . . . . . . . . . . .  45. 475 

Water. Food. Beverage. e t c  . . . . . . . . . . . . . .  633 
Crew Plus Baggage . . . . . . . . . . . . . . . . . .  520 
Passengers Plus Baggage . . . . . . . . . . . . . . .  12. 000 
Cargo . . . . . . . . . . . . . . . . . . . . . . . .  1. 200 
Fuel (including unusable f u e l )  . . . . . . . . . . . .  13. ... 
O i l  . . . . . . . . . . . . . . . . . . . . . . . . .  250 

TOTAL USEFUL LOAD . . . . . . . . . . . . . . . . . .  27. 825 

TAKEOFF GROSS WEIGHT . . . . . . . . . . . . . . . . .  73. 300 
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60-PASSENCER TURBOPROP VTOL 
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Figure 2. D.O.C. Versus C r u i s e  A l t i t u d e  



60-PASSENGER TURBOPROP 2000-FT STOL 
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Figure 3. D.O.C. Versus Cruise Alt i tude  



60-PASSENGER PROPULSIVE WING 2000-FT STOL 

I 

Figure 4. D.O.C. Versus Cruise Altitude 
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86°F 
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FIGURE 5a 
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Figure 5. Effect of Operational Range on Takeoff Distance 
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TURBOPROP 1000-FT STOL 

Total Distance to Clear a 50-Ft 
Obstacle 

SEA LEVEL 
86°F 

ONE ENGINE FAILED 

FIGURE 6a 
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Figure 6. Effect of Operational Range on Takeoff Distance 
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Figure 7. Effect of Operational Range on Wkeoff Distance 
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PROPULSIVE WING 1000-FT STOL 
Total  Distance to Clear a 50-Ft Obstacle 
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FIGURE 8b 
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Figure 8. Effect of Operational Range on Takeoff Distance 
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Figure 9. Propulsive Wing V/STOL Airplane 



BASE AIRPLANE: 60-PASSENGER TURBOPROP VTOL DESIGNED 
FOR A 500 STA MI STAGE LENGTH 

Figure 10. Effect of Takeoff Propeller Tip Speed, 
Engine Overspeeding, and SHP on Payload 
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TURBOPROP VTOL 

VARIABLE PASSENGER LOAD 

500 MILE STAGE LENGTH 

* Ratio of alternate 
airplane D.O.C. to basic 
airplane D.O.C. 

Figure 14. Relative D.O.C. for Tip Speed, Engine 
Overspeed and Horsepower Variations 
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Figure 16. Landing Drag %lar 
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Figure 17. T a i l - O f f ,  Nose Fan InoDerative, 
Power-on Rlar fo r  the 60--Passeng& Fan-in-Wing 
V/STOL 



5 

4 

3 

2 

CL 

0 

-1 

-2 

-3 
0 .4 .8 1.2 

cD 

-1.6 -1.2 - a8 -.4 

Figure 18. 
Power-on Polar for the 6O-passenger Propulsive 
Wing 2000-Ft STOL 

Tail-Off, Nose Fan Inoperative, 
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Figure 23. Effects of Power and Propeller Tip Speed on Noise,Takeoff 
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XC-142A AIRPLANE IN HOVER 

Figure 24. Comparison of Measured and Calculated Perceived Noise 
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